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The Electrical

Resistance

of Metals

in Their Hard and Soft States

Introduction
Many

investigations

have shown that the electrical

annealed metals is usually
worked state (1).
decreases

resistance

of soft

smaller than that of metals in their hard, cold

By annealing

cold-worked

metals, the electrical

to a minimum and then increases upon continued annealing

resistance
at higher

temperatures.
The work performed

in this investigation

nickel, and soft steel corroborates
excepting
4000 C.

aluminum,
Aluminum

the electrical

this idea.
resistance

upon silver, aluminum, copper,
In the case of .all these,
reached a minimum at about

reached a minimum at 3000 C.

Manipulation
The wires of copper, nickel and soft steel were cold drawn from wires
of larger diameters.
then drawn into wire.

A small silver button was hammered

out into a bar and

The aluminum wire was obtained from a strip of sheet

aluminum.
Chemical analyses were not made.
assurance

The source of metals, however, gave

that they were of high purity.

e

The wires of 100 centimeters
silica tubing.

The diameters

before and after annealing,

in length were coiled upon pieces of fused

of the wires were measured with a micrometer

but no change in diameter was found.

The annealing waS performed in an electrical resistance tube furnace
in a reducing atmosphere of natural gas.

The gas was first passed through

a bottle of sulphuric acid to remove any moisture that might be present.
No oxide coating was noticed when the wires were removed from the furnace.
The time of annealing was 1 hour for each determination.

Vfuen the wires

were removed from the furnace they were immediately quenched to prevent oxidation.
in water.

The copper and soft steel wires were quenched in oil and the others
The wires could have been cooled in the furnace but time was

saved by quenching.
A base-metal
the temperatures

thermo-couple

and millivoltmeter

were used for reading

of the furnace.

After annealing, the electrical resistances of the wires were measured
at 20° C. with a Leeds-Northrup

Wheatstone bridge, the accuracy of which

was .00001 0hmS.

Results
The results are tabulated as follows:
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ALUMINUM

Length of wire-- 100 cm.
Cross-section of wire-- .0024079 sq. cm ,
Change of
Resistance
in Per Cent

Resistance
Ohms

Sp , Resistance

Room

0.11849

0.0000028531

50

0.11822

0.0000028466

100

0.11879

0.0000028603

175

0.11736

0.0000028259

-.955

250

0.11699

0.0000028170

-1.265

300

0.11655

0.0000028065

-1.633

350

0.11770

0.0000028342

-.622

385

0.1l970

0.0000028823

1.023

430

0.11997

0.0000028887

1.277

465

0.12028

0.0000028962

1.510

500

0.12191

0.0000029361

3.662

Temp. °C.

Ohms
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-.288
.2525

The effect of annealing upon the electrical resistance of cold drawn
aluminum wire.
ALU1lINUM

In the case of this and all other metals excepting silver a decrease
in electrical resistance occurred at 500 C. and then an increase at 1000
Above 100

o

c.

C. the resistance of aluminum decreased quite steadily to a mini-

mum at 3000 C.
The resistance from this temperature increased very rapidly and had surpassed the resistance in the hard state before 4000 C. was reached.

-4-

SILVER

Length of wire-- 100 cm.
Area of eross-seetion-- 0.0024771 sq. em.

\

0

Change of
Resistance
in Per Cent

Resistance
Ohms

Sp , Resistance

Room

0.071375

0.0000017680

50

0.071370

0.0000017679

-0.00565

100

0.06963

0.0000017248

-3.076

150

0.06915

0.0000017129

-3.1166

200

0.06878

0.0000017038

-3 63

250

0.06785

0.0000016807

-4.94

300

0.06777

0.0000016787

-5.05

350

0.06777

0.0000016787

-5.05

385

0.06760

0.0000016745

-5.29

430

0.06720

0.0000016646

-5.86

465

0.06801

0.0000016847

-4.72

500

0.06804

0.0000016854

-4.68

545

0.06738

0.0000016691

-5.72

600

0.06776

0.0000016785

-5.06

672

0.07033

0.0000017421

-1.46

758

0.07152

0.0000017716

Temp.

C.

Ohms

-5-

2.036

The effect of annealing upon the electrical resistance of cold drawn
silver wire.

SILVER
Figure 2 shows that the minimum electrical resistance was reached at
4350 C.

At the next two annealing temperatures the resistance increased
.

and then decreased again at 545

0

C.

This increase may have been due to cold work performed upon the wire
when it was partly uncoiled from the tube upon removing from the furnace.
If this is true the minimum resistance probably would have occurred between 4350 C. and 5450 C. instead of at 4350 C.
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NICKEL

Length of wire-- 100 cm.
Cross-sectional area-- .0026764 sq. cm.
Change of
Resistance
in Per Cent

Resistance
Ohms

Sp , Resistance

Room

0.35315

0.0000094526

50

0.34830

0.0000093219

-1.38

100

0.34930

0.0000093487

-1.099

150

0.34780

0.0000093085

-1.526

200

0.34680

0.0000092818

-1.807

250

0.34510

0.0000092362

-2.289

300

0.3399

0.0000090971

-3.76

350

0.3410

0.0000091265

-3.45

385

0.33793

0.0000090444

-4.32

430

0.33580

0.0000089873

-4.92

465

0.33811

0.0000090492

-4.268

500

0.33840

0.0000090569

-4.186

545

0.339-32

0.0000090816

-3.925

600

0.34085

0.0000091016

-3.713

672

0.34094

0.0000091250

-3.464

758

0.34230

0.0000091612

-3.082

Temp. °C.

Ohms
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The effect of annealing upon the electrical resistance of cold dravm
nickel wire.

NICKEL
The electrical resistance at 3500 C. was greater than at 3000 C.
corresponds

to the transition point of nickel which is about 3500

c.

The minimum resistance occurred at 4550 C. as shown in the graph.
bove this temperature

the resistance increased ra'ther slowly.
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This

A-

COPPER

-

Length of wire-- 100 cm.
Area of cross-section-- .0024018 sq. cm.
0

Change of
Resistance
in Per Cent

Resistance
Ohms

Sp , Resistance

Room

0.07164

0.0000017207

50

0.07071

0.0000016983

-1.3

100

0.07136

0.0000017139

-0.395

200

0.06999

0.0000016810

-2.34

250

0.06988

0.0000016784

-2.455

300

0.06939

0.0000016666

-3.25

350

0.06943

0.0000016676

-3.085

385

0.06934

0.QOOOO16654

-3.21

430

0.06928

0.0000016640

-3.295

465

0.06954

0.0000016702

-2.93

500

0.06999

0.OQOO016810

-2 305

545

0.ID7029

0.0000016882

-1.929

600

0.07040

0.0000016909

-1.73

672

0.07114

0.0000017080

-0.738

758

0.07538

0.0000018105

0.496

Temp. C.

Ohms
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The effect of annealing upon the electrical resistance of cold drawn
copper wire.

COPPER
The graph shows that the minimum resistance occurred at 4350

c.
0

There was very little change in resistance between 3000 C. and 435
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c.

SOFT STEEL
Length of wire-- 100 em.
Area of cross-section-- .0037025 sq. em.
Temp. °C.

Resistance
Ohms

Sp , Resistance

Ohms

Change of
Resistance
in Per Cent

Room

0.39536

0.000014638

50

0.39090

0.000014473

-1.127

150

0.39245

0.000014530

-0.738

200

0.39230

0.000014525

-0.773

250

0.39260

o .000014536

-0.697

300

0.38810

0.000014370

-1.83

350

.0.3877

0.000014355

-1.93

385

0.3857

0.000014281

-2.44

430

0.38552

0.000014274

-2.485

465

0.38570

0.000014281

-2.44

500

0.39079

0.000014469

-1.152

545

0.39385

0.000014582

-0.382

600

0.39845

0.000014753

0.786

672

0.40342

0.000014937

2.001

758

0.41643

0.000015418

5.33
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The effect of annealing upon the electrical resistance of cold drawn
soft steel wire.
SOFT STEEL
0

This wire also showed an increase in resistance above 50
0

crease reached a maximum a~ 250°C., then decreased to 465
increase occurred again.
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C.

This in-

C. before any

Conclusions
All the properties of cold worked metals change upon annealing, so by
a logical study of the changes of one or more properties,

it is possible to

draw conclusions or set up theories as to the characteristics

of a metal in

its hard and soft states.
Many

theories have been advanced for explanation of the changes in the

various properties of a metal such as Rosenhain's amorphous (5) hypothesis,
Beilby's slip interference

theory (5), Tammann's theory of change within

the atom itself, and the theory of distorted space lattice.
The amorphous theory is applicable to the increased resistance brought
about by cold work.

This theory states that when a metal is cold worked,

movement occurs along the grain boundaries.

The heat resulting from the

friction of one face sliding on another is enough to melt a layer of metal
several molecules thick.

Due to the high thermal conductivity

of the met-

al, the heat is carried away so rapidly that the layer of metal solidifies
before the atoms, which are in a disorderly arrangement when molten, have
time to arrange themselves according to their space lattice.

1~is layer

of material is amorphous since the molecules are not in any crystalline
order, and it is known from ~xperiments

that this amorphous material is

harder and stronger than the crystalline material.
Beilby's theory is similar to this excepting that he states an amorphous material is formed at all surfaces of slip or shear throughout the
mass (2).
To correlate these theories with the decreased electrical conductivity of cold worked metals is not difficult when it is presumed that the
-13-

flow of electricity takes place as it does by the electrons passing from
one atom to the other.

The increased difficulty of the electrons in pass-

ing from one atom to the next in the amorphous material obviously increases
the resistance in cold worked metals.
Tammann and Straumanis' theory (3) of a change within the atom itself
serves to explain the change in electrical resistance below the temperature
at which recrystallization

takes place.

The recrystallization

temperatures

of the metals studied are: Ag 1100 C., Al 1500 C., Cu 1750 C., Fe 4750 C.,
and Ni 6000 C.

In each graph, it is observed that a change in resistance

took place before the recrystallization

temperature was reached.

above named theory and the results obtained in this investigation,

From the
it seems

reasonable to presuve that there is a change within the atom itself together with the change in crystalline structure.
The increast in electrical resistance at high temperatures has been
l'

exp.laf ned by microscopical

study of the annealed metals.

The gases con-

tained within a metal at high temperatures tends to force the grains apart,
forming cracks into which the oxygen of the atmosphere penetrates

(4).

air space and oxide coating which may be formed increased the resistance
of the wire.
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